A key part of the ecological theory of adaptive radiation is disruptive selection during periods of sympatry. Some insight into this process might be gained by studying populations that are bimodal for dual-context traits, i.e. those showing adaptive divergence and also contributing to reproductive isolation. A population meeting these criteria is the medium ground finch (Geospiza fortis) of El Garrapatero, Santa Cruz Island, Galápagos. We examined patterns of selection in this population by relating individual beak sizes to interannual recaptures during a prolonged drought. Supporting the theory, disruptive selection was strong between the two beak size modes. We also found some evidence of selection against individuals with the largest and smallest beak sizes, perhaps owing to competition with other species or to gaps in the underlying resource distribution. Selection may thus simultaneously maintain the current bimodality while also constraining further divergence. Spatial and temporal variation in G. fortis bimodality suggests a dynamic tug of war among factors such as selection and assortative mating, which may alternatively promote or constrain divergence during adaptive radiation.
INTRODUCTION
The ecological theory of adaptive radiation hypothesizes that diversification is driven by adaptation to different ecological conditions (i.e. environments or resources). The process starts with divergent/disruptive selection causing adaptive divergence between conspecific groups that occupy different environments or use different resources (Schluter 2000) . Reproductive isolation then evolves as a by-product of adaptive divergence (i.e. 'ecological speciation', Schluter 2000) . Likely reproductive barriers arising in this manner include assortative mating and selection against migrants and hybrids. This basic theory has garnered considerable support from mathematical models and empirical studies, to the extent that adaptive divergence and ecological speciation are thought to play a central role in the evolution of biological diversity (Skú lason & Smith 1995; Schluter 2000; Rundle & Nosil 2005) .
Recent theoretical work relevant to the above ecological theory has called particular attention to the possible importance of disruptive selection in sympatry (Dieckmann & Doebeli 1999; Rueffler et al. 2006; Bolnick & Fitzpatrick 2007; Doebeli et al. 2007; Abrams et al. 2008) . Empirical evidence supporting this view has emerged from several different contexts. First, disruptive selection can act between competing species to accentuate their divergence, as has been recently confirmed for Darwin's finches and Spea tadpoles . Second, disruptive selection can result from competition between hybrids and parental forms, as demonstrated in threespine stickleback (Schluter 1994 (Schluter , 2003 . Third, disruptive selection may occur within unimodal populations that show no evidence of incipient divergence (Kingsolver et al. 2001) , such as Anolis lizards ) and most stickleback populations (Bolnick 2004; Bolnick & Lau 2008) . Fourth, disruptive selection may occur in randomly mating bimodal populations, such as African Pyrenestes finches (Smith 1993) . These studies show that disruptive selection can occur in nature, suggesting the value of further considering its role in adaptive radiation.
Additional support for the idea that disruptive selection contributes to adaptive radiation would come from evidence of its action in conspecific populations that are bimodal for traits that undergo adaptive divergence and also influence reproductive isolation. The reasons are twofold. First, such dual-context traits may catalyse progress towards speciation (Dieckmann & Doebeli 1999; Schluter 2000) , and as such have been called 'magic' traits (Gavrilets 2004) . Second, bimodality without complete separation of the modes suggests an intermediate stage of divergence, and might therefore reveal conditions near the tipping point between species fission or fusion. Our work focuses on a medium ground finch (Geospiza fortis) population that shows bimodality in beak size, a critical dual-context trait in this taxon (Grant 1986; Podos 2001; Huber et al. 2007; Grant & Grant 2008) . Importantly, the observed intraspecific bimodality is a small-scale version of the differences between G. fortis and its granivorous congeners (see below). The evolutionary forces acting within the bimodal population might therefore inform those that contributed to the initial adaptive radiation.
(a) Darwin's finches The 14 recognized species of Darwin's finches in Galápagos are thought to have originated in the following manner (Lack 1947; Grant 1986; Grant & Grant 2008) . At the outset, an ancestral species colonized multiple islands characterized by ecological differences, such as different seed size distributions. Resulting divergent selection among allopatric populations then caused their adaptive divergence, most notably in beak and body dimensions (Bowman 1961; Abbott et al. 1977; Schluter & Grant 1984; Grant & Grant 2000 , 2008 . Next, further dispersal among the islands brought some allopatric forms back into secondary contact (Grant 1986; Petren et al. 2005; ), where several outcomes were possible. First, the allopatric divergence may have been too modest to generate major barriers to gene flow, thereby leading to fusion after secondary contact. Second, the allopatric divergence may have essentially completed speciation, and largely eliminated competition and gene flow in sympatry. Given that Darwin's finches do not show genetic incompatibilities, any such reproductive isolation would probably include ecological selection against hybrids and assortative mating based on beak/body dimensions (Ratcliffe & Grant 1983; Grant & Grant 1993 , 2008 Podos 2001; Huber et al. 2007) . Third, the allopatric divergence may have been sufficient to prevent complete fusion following secondary contact, but not to eliminate between-group competition and gene flow. In these cases, divergence and reproductive isolation might be accentuated in sympatry owing to character displacement and 'reinforcement' (Schluter et al. 1985; , 2008 .
The third outcome described above is expected to involve disruptive selection that favours increasing divergence in beak dimensions. This hypothesis has recently been confirmed for interactions between two ground finch species ) and we here ask whether it also occurs within one of them. The relevance of this particular analysis is that sympatric interactions between partially divergent conspecific groups probably contributed to the adaptive radiation of Darwin's finches (Grant & Grant 2008) . Our work focused on a G. fortis population (El Garrapatero, Santa Cruz Island) characterized by two modes along the morphological axes (beak and body size) that also separate this species from its smaller (Geospiza fuliginosa) and larger (Geospiza magnirostris) granivorous congeners ( Foster et al. 2008 ; figure 1 ). The initial origins of bimodality within G. fortis remain uncertain, with possibilities including interspecific hybridization, allopatric divergence followed by secondary contact (as above), entirely sympatric or parapatric divergence, or phenotype-biased immigration/emigration (Huber et al. 2007; Grant & Grant 2008 ).
We are interested in the factors that influence bimodality in G. fortis, because these factors might influence fission/ fusion when partially divergent forms meet (or originate) in sympatry. In previous work, we showed that birds in the two modes show adaptive divergence and partial reproductive isolation. Specifically, they have different bite forces (Herrel et al. 2005) , sing different songs (Huber & Podos 2006) , respond differently to each other's songs ( J. Podos 2006, unpublished data) , mate assortatively (Huber et al. 2007 ) and show partially restricted gene flow (Huber et al. 2007) . Birds with intermediate beak sizes are still present, however, perhaps owing to the few cross-type matings (Huber et al. 2007 ) and phenotype-biased immigration (see below). The continued maintenance of bimodality might therefore require the selective loss of individuals with intermediate beak sizes. We test for such disruptive selection by relating individual beak sizes to interannual recapture probabilities.
MATERIAL AND METHODS
Our study site/population differs in several ways from Daphne Major, the only other site at which selection has been estimated for G. fortis. El Garrapatero is part of a continuous tract of lowelevation, arid-zone forest (Bursera graveolens and Cordia lutea) and is located within 1 km of coastal-zone vegetation. Daphne Major, by contrast, is isolated and open, and does not have coastal-zone vegetation (Grant 1986 ). The El Garrapatero G. fortis population shows a wide range of beak sizes in a bimodal distribution (figure 1; Hendry et al. 2006) , whereas Daphne Major G. fortis have small beak sizes in a unimodal distribution (Grant 1986 ). Other ground finch species at El Garrapatero include a large population of G. fuliginosa ( figure 1 ), a few G. magnirostris ( figure 1 ) and a few Geospiza scandens ( J. Podos, unpublished data). Other ground finch species established at Daphne Major include G. magnirostris and G. scandens (Grant 1986; . We draw these contrasts to point out that selection at El Garrapatero is probably different from that at Daphne Major.
Our Our study thus took place during one of the most prolonged droughts on record, resulting in very little reproduction by plants, insects and finches. These conditions are known to cause high mortality, strong selection and character displacement in Darwin's finches (Grant 1986; Grant & Grant 2002 . Mist nets were used to capture the birds, which were then banded to allow the unambiguous identification of individuals. Each time a bird was captured, we followed previous work (Grant 1986) in characterizing it as an adult or juvenile (based on beak and plumage colour) and in measuring beak length (anterior edge of nostril to tip of upper mandible), beak depth (at the nares) and beak width (base of lower mandible). All of our subsequent analyses used adult birds only, because beak size does not change appreciably after maturity (Grant 1986 ). The three beak dimensions were combined into a single measure of overall beak size (PC1-see §3 for details). All subsequent analyses focus on this measure because PC1 is the standard measure of overall beak size for Darwin's finches (e.g. Grant 1986; Grant & Grant 2002 . Moreover, the two G. fortis modes and the three granivorous ground finch species (G. fortis, G. fuliginosa and G. magnirostris) do not differ in beak shape after controlling for beak size ( Foster et al. 2008) .
To estimate selective losses from the local population, we collected data on interannual recaptures, a commonly used method for estimating selection in birds (e.g. Smith 1993; Grant & Grant 2002; Benkman 2003; Clegg et al. 2008) . More integrated fitness measures (e.g. lifetime reproductive success) would require multigeneration pedigrees, which could not be obtained. Regardless, previous work on G. fortis has confirmed that 'the most important determinant of fitness is the ability of an individual to survive to breed in many years' (Grant & Grant 2000) . One of the reasons is that periodic droughts (and other factors) can eliminate reproduction and cause very high adult mortality in a given year. These were the very conditions that characterized El Garrapatero G. fortis during our study period (see also Huber 2008) .
Birds banded in one year that were resighted or recaptured in a subsequent year clearly survived and did not emigrate (local absolute fitnessZ1). Birds that were not resighted or recaptured in any subsequent year had probably died or emigrated (local absolute fitnessZ0). Exceptions would occur if banded birds were present at the site but not recorded. We minimized this possibility by increasing our sampling effort from each year to the next. For example, the total number of G. Although most of the birds missing from one year to the next had probably died, some could simply have emigrated beyond the study site. We attempted to reduce this possibility by (i) analysing adults only, because they usually remain faithful to breeding localities (S. Huber 2004 Huber -2006 , and (ii) conducting regular searches for banded finches beyond our main tagging area (very few were thereby discovered). At the end, however, our selection estimates necessarily conflate mortality with emigration, a situation characterizing many studies of selection in birds (e.g. Smith 1993; Benkman 2003) . Fortunately, this possible conflation does not impact our main inference, because both survival and emigration represent losses from the local population. That is, birds that leave the site take their genes with them, and so no longer contribute to the next generation at the site. In short, the evolution of the local population should be similarly affected by phenotype-biased emigration and phenotype-biased mortality.
We The standard approach to testing for disruptive selection is to fit a quadratic regression across the entire range of data (Kingsolver et al. 2001; Bolnick 2004; Bolnick & Lau 2008) . This approach would not be appropriate in our study because selection was expected to be more complex. For example, selection might disfavour not only intermediates but also very large G. fortis (perhaps owing to competition with G. magnirostris; or very small G. fortis (perhaps owing to competition with G. fuliginosa; Schluter et al. 1985) . Such complicated patterns of selection would be misrepresented by a simple quadratic fit across the entire data range. We therefore first used non-parametric cubic splines (Schluter 1988) to visualize how selection changed across the range of beak sizes (for other examples see Smith (1993) and Benkman (2003) ).
Our a priori hypothesis was selection against intermediate beak sizes, which would help to maintain the two G. fortis beak size modes. In addition to cubic splines, we therefore tested for statistically significant quadratic selection between the modes. This prediction was tested by excluding individuals more extreme than each mode and then using logistic regression to relate local relative fitness (local absolute fitness divided by local mean fitness) to PC1 and PC1 2 . A positive coefficient for PC1 2 would be consistent with disruptive selection. The results of logistic regressions based on the entire data range, where disruptive selection is not necessarily expected (see above), are presented in the electronic supplementary material. 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 rainfall (mm) our study year Figure 2 . Total rainfall in each year of record at Academy Bay on Santa Cruz Island. The variation at this site should generally parallel that at El Garrapatero, because the two sites are nearby (approx. 10 km apart) and at roughly the same elevation on the same side of Santa Cruz (for a map see Hendry et al. 2006). in 2006. These high mortality/emigration rates are consistent with other studies of G. fortis during prolonged droughts (Grant 1986; Grant & Grant 2002 Mortality/emigration was highly non-random with respect to beak size. Cubic splines revealed that mortality/ emigration was often the lowest for those birds closest to the large or small beak size modes (figures 3 and 4). Individuals between the modes always suffered higher mortality/ emigration than did those near the modes, a pattern consistent with disruptive selection. In addition, individuals smaller than the small mode, and (sometimes) those larger than the large mode, suffered higher mortality/emigration than did those near the modes. The resulting two-peak pattern of selection would help to maintain the existing beak size modes.
RESULTS
Our inference of disruptive selection between the beak size modes was strengthened through quadratic regressions that excluded individuals smaller than the small mode and larger than the large mode (table 1). The quadratic term was positive in all three intervals and significant (one-tailed) in two of them (table 1) 
DISCUSSION
The bimodal population of G. fortis at El Garrapatero shows several signatures of ecologically maintained adaptive divergence and reproductive isolation. First, the two modes differ in beak size (Hendry et al. 2006) and bite force capacities (Herrel et al. 2005) , presumably owing to specialization on small/soft seeds versus large/hard seeds. Second, the two modes sing songs of different structure (Huber & Podos 2006) and respond differently to each other's songs ( J. Podos 2006, unpublished data) . Third, gene flow between the modes is somewhat limited (inferred from DNA microsatellites), at least partly owing to assortative mating (Huber et al. 2007 ). Here we demonstrate that bimodality might also be maintained by the selective loss of birds with intermediate beak sizes, i.e. disruptive selection between the modes (figures 3 and 4). These phenomena all parallel those expected to be important during the radiation of ground finches in the Galápagos (Grant 1986; Grant & Grant 2008) . What are the proximate causes of the disruptive selection documented here? One possibility is that competition for shared resources reduces the success of individuals specializing on intermediate seeds, causing them to die or emigrate. Another possibility is that intermediate birds fall into a gap in the underlying resource distribution (i.e. independent of competition), such as relatively few intermediate-sized seeds. Both of these mechanisms can cause disruptive selection in theoretical models (Dieckmann & Doebeli 1999; Schluter 2000; Rueffler et al. 2006; Doebeli et al. 2007; Abrams et al. 2008) and have previously been implicated in the divergence of Darwin's finches (Lack 1947; Bowman 1961; Abbott et al. 1977; Schluter & Grant 1984; Schluter et al. 1985; . We cannot presently address how bimodality in G. fortis might have been driven by competition, but we can at least speculate on the role of the underlying resource distribution. In particular, spatial and temporal variation in G. fortis bimodality across the island is at least roughly consistent with the differences in available food types (Hendry et al. 2006) . Disentangling the relative influences of underlying resource distributions versus competition for shared resources will be a subject of future work.
(a) The dynamics of divergence Given that El Garrapatero G. fortis manifest multiple processes (disruptive selection and assortative mating) thought to be important during sympatric phases of adaptive radiation, why is divergence incomplete? Indeed, individuals with intermediate beak sizes are so numerous that frequency histograms are not particularly effective ways of confirming bimodality (for a discussion see Hendry et al. 2006) . One possibility is that the current bimodality has developed only recently and will become more prominent in the future. Although this is certainly possible, it is not consistent with the observations that bimodality has periodically characterized G. fortis at other sites on Santa Cruz Island for at least 100 years (Hendry et al. 2006; Grant & Grant 2008) . Recent divergence therefore does not seem to be cumulative, which suggests ongoing constraints on diversification in sympatry. Many such constraints are theoretically possible and have been discussed in detail elsewhere (e.g. Coyne & Orr 2004; Bolnick & Fitzpatrick 2007) . We focus here on a subset of the constraints that are particularly intriguing in the context of our study system. One constraint might be temporal variation in selection that hampers cumulative progress towards speciation. For example, disruptive selection might be strong during droughts but not in wet years. As a possible interspecific analogue, hybrids between G. fortis and G. scandens had low survival during dry periods but not during wet periods (Grant & Grant 1993 , 1996 , the latter thus precipitating their current trend towards species fusion (Grant et al. 2004) . Something similar may have caused the loss of intraspecific bimodality in Academy Bay G. fortis, although the culprit here may have been the recent intensification of local human influences (Hendry et al. 2006) .
Another constraint might be ongoing immigration of intermediate-sized birds from other locations. Such immigration could explain why substantial numbers of intermediate birds are present at El Garrapatero (figure 1) despite both strong assortative mating (Huber et al. 2007 ) and divergent selection (figures 3 and 4). It would also explain why bimodality did not appear to decrease from 2004 to 2005 despite very little local reproduction. We could not directly test this hypothesis of phenotype-biased immigration because we did not band all of the birds at our site, so new immigrants could not be confirmed. Recent work on other systems, however, is certainly drawing attention to the potential importance of phenotype-biased migration (Edelaar et al. 2008) .
A final constraint we wish to discuss is that further adaptive divergence and reproductive isolation might actually be impeded by selection. Specifically, mortality/ emigration was also high for the smallest G. fortis and sometimes also for the largest G. fortis (figures 3 and 4) . Overall, then, selection in this population might be considered roughly stabilizing around each beak size mode, a situation similar to that seen in African Pyrenestes finches (Smith 1993 ). This two-peak pattern of selection might be expected if the adaptive landscape for beak size has reasonably discrete peaks corresponding to different food types (Schluter 2000) . As noted above, such landscapes for Darwin's finches might be driven by gaps Disruptive selection in Darwin's finches A. P. Hendry et al. 757 in the underlying resource distribution, as well as by interspecific competition (Abbott et al. 1977; Schluter & Grant 1984; Schluter et al. 1985; , 2008 . These two possibilities cannot be discriminated at present, but it is nonetheless tempting to speculate that competition might be more important at the small end of the G. fortis distribution (given that G. fuliginosa are common; figure 1), whereas constraints of the underlying resource distribution might be more important at the large end (given that G. magnirostris are rare; figure 1 ).
(b) Food for thought Geospiza fortis on Santa Cruz have been collected for more than a century, revealing a spatial and temporal mosaic of bimodality (Lack 1947; Bowman 1961; Ford et al. 1973; Hendry et al. 2006; Grant & Grant 2008) . At one site (Academy Bay), bimodality was historically strong but is now weak. At a second site (El Garrapatero), bimodality is currently strong. At a third site (Borrero Bay), bimodality has not been documented in the past nor the present. This spatial and temporal variation suggests a dynamic tug of war between forces promoting diversification and those constraining it. At certain times and places, promoting factors may gain the upper hand and make substantial progress towards speciation. At other times and places, constraints may gain the upper hand and reverse any such progress. We suggest that this sort of dynamic tug of war can recur during adaptive radiations. Speciation events might then represent those few cases where promoting factors, such as strong disruptive selection and assortative mating, have a sustained run of influence over constraining factors. Darwin's finches may be a promising group for observing this dynamic. We close by noting the value of comparing morphological divergence and reproductive barriers within species versus between species, in an adaptive radiation. A selection of recent studies of vertebrates can be used to highlight a contrast emerging from such comparisons. On the one hand, adaptive divergence and reproductive barriers between species may involve dimensions (ecological, morphological and physiological) that differ from those seen between groups within species, as may be the case for Timema walking sticks ( Nosil & Sandoval 2008) . On the other hand, adaptive divergence and reproductive barriers between species may closely parallel those within species, as might be the case for Geospiza (see above), Anolis lizards , threespine stickleback (Robinson 2000; Bolnick & Lau 2008) and mosquitofish (Langerhans et al. 2007) . Or perhaps the apparent correspondence in some of these examples simply reflects the need to study more dimensions. Either way, these considerations highlight the importance of determining the conditions under which adaptive radiation can or cannot result by simply extrapolating processes seen within species.
